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Atherosclerosis, hardening of the arteries, is the major cause of stroke, peripheral artery disease and heart attack. . Overproduction of superoxide anions in mitochondria can give rise to atherosclerosis. Superoxide anions are produced naturally in mitochondria and the organelle has defenses to control the amount of superoxide anions in the mitochondria. However, an overproduction of superoxide anions overwhelms the organelle’s defenses. A low level of overproduction of superoxide anions can cause oxidation of fatty acids; which leads to atherosclerosis. A larger level of overproduction of superoxide anions can lead to malfunctions in mitochondria, oxidative stress, and eventually cell death. Previous studies have focused on free radical scavengers; like vitamins A & E. However, little research has been done to discover what environmental changes in the mitochondria organelles can cause an overproduction of superoxide anions. This is important because if we can determine what causes a significant increase in overproduction of superoxide anions we can prevent this condition instead of treating it after overproduction happens.
Previous research indicates that sodium acts on the mitochondria via the sodium-calcium exchange. Based on this knowledge, we hypothesize that an increase in sodium concentration in the environment will result in an increase of superoxide anion production in mitochondria. We want to establish whether there is a specific sodium concentration that will lead to a significant increase in superoxide anions compared to the other sodium concentrations. To determine this, we isolate mitochondria from chicken livers and assay using a 96 micro-well plate with varying amounts of sodium concentrations. The potassium in the wells is used to prevent changing the ionic strength of the medium. The absorbance of the wells are measured to determine the amount of superoxide anions produced in each well. Our preliminary results were not valid due to an error in the preparation of the buffer solutions. The results from the mitochondria assay without varying sodium shows a linear fit and support that the mitochondria are intact and capable of producing superoxide anions. Our final results of the mitochondria assay with varying sodium concentrations had slight but acceptable variance. The final results suggest that sodium might not be as important to superoxide anion production as previously thought.
Introduction:
Mitochondrial Origin:
An overproduction in superoxide anion production inside mitochondria can lead to many health disorders so it is important to understand how the mitochondria functions, how superoxide anions are produced and how the cellular environment can effect production of superoxide anions. Mitochondria are subcellular organelles that are theorized to have a unique origin. Due to the fact that cells create a new mitochondrion by replicating an existing mitochondrion, the question arises: where did the first mitochondrion come from? Organisms that have cells with a nucleus are considered eukaryotes while simpler organisms that contain cells without a nucleus and one circular strand of DNA are called prokaryotes. Mitochondria share a lot of similar traits with prokaryotes. Mitochondria do not have a nucleus and contain a single circular DNA molecule. Due to the similarities between mitochondria and prokaryotes; it is believed that mitochondria were once bacteria. Scientists have developed a theory that describes how they believe a bacterium came to live inside a cell-called endosymbiotic theory.1 
	The endosymbiotic theory states that the following events were likely to have occurred. Early bacteria could not utilize oxygen until aerobic respiration began to evolve. Along the way an anaerobic eukaryote is hypothesized to have phagocytosed an aerobic bacterium that was not immediately destroyed upon being engulfed. Instead the aerobic bacterium continued to live and divide in the eukaryotic cell; completely safe from the outside world. The eukaryotic cell benefited from this relationship as well. The aerobic bacterium would take the oxygen (which was originally toxic to the anaerobic eukaryotes) and produce energy; resulting in rapid growth and division of eukaryotes with an aerobic prokaryote inside. Eventually, these eukaryotes outcompeted the eukaryotes that were without the aerobic bacteria until almost all the eukaryotes had a bacterium that was performing aerobic respiration for them. Scientists believe that mitochondria were once the free aerobic bacterium that got consumed by a eukaryotic cell; that over time became a unique organelle.1
Mitochondria Structure:
Mitochondria can be found in every cell in the human body except in some components of the blood. Different cell types contain a different quantity of mitochondria but all mitochondria can be found in the cytoplasm of the cell. Mitochondria are a few hundred nanometers long and occupy a considerable amount of cell volume. A mitochondrion is mostly made up of proteins and lipids and is essentially a sack of water encased in a membrane. Unlike other organelles, mitochondria have two membranes: an outer membrane and an inner membrane.1 
The outer membrane is not folded and has large pores lined with the protein porin which allows small molecules to pass through. The inner membrane is folded and has a lot of surface area. This inner membrane is impermeable to the majority of molecules, including charged ones. The molecules that do pass are under the control of carrier proteins that are embedded inside the membrane wall and facilitate active transport into and out of the mitochondrial matrix. Along with the transmembrane proteins embedded in the inner membrane there are also transmembrane enzymes in the inner membrane. These transmembrane molecules form complexes along the inner membrane. These complexes as well as the tight control of molecules passing into and out of the mitochondrial matrix are central to mitochondrial function.1
The electron transport chain consists of four complexes: Complex 1 NADH-Q Oxidoreductase, Complex 2 Succinate-Q Reductase, Complex 3 Q-Cytochrome c Oxidoreductase, and Complex 4 Cytochrome c Reductase. Complex 1 NADH-Q regenerates NAD+ by removing the H and the electrons from NADH. The electrons enter Complex 1 and will be moved down the electron transport chain. The H+ molecule is pumped out of the complex into the intermembrane space. Complex 2 Succinate-Q Reductase takes the electrons and the H+ molecules from FADH2 to regenerate FAD. The electrons enter the electron transport chain but the H+ molecules are not pumped out of the mitochondrial matrix. Complex 2 is the only complex that does not pump protons out of mitochondrial matrix. Complex 3 Q-Cytochrome c Oxidoreductase accepts 2 electrons from coenzyme Q and pumps protons out into the intermembrane space. Complex 4 Cytochrome c Reductase accepts 4 electrons from Cytochrome c to reduce O2 into 2 molecules of H2O. The water will pass out of the membrane freely and the left of the H+ molecules are pumped out into the intermembrane space. All of the H+ molecules that were pumped out created a proton gradient. The mitochondria uses the proton motive force the proton gradient creates to synthesize ATP via mitochondrial ATPase1.
Mitochondria and Superoxide Production:
When oxygen is reduced to water by the enzyme Cytochrome c Oxidase (Complex 4); some of the intermediate oxygen molecules are converted to superoxide anion radicals. Superoxide anion is a stable intermediate that is produced when oxygen is reduced 1 electron at a time and can be found on the inner side of the inner mitochondrial membrane. Superoxide anion mediates oxidative chain reactions and is the precursor to most reactive oxygen species such as hydroxyl radical or peroxynitrite. Superoxide is produced by enzyme sources at different redox sites along the respiratory chain.2
	At complex 1the enzyme NADH dehydrogenase and at complex 2 the enzyme succinate dehydrogenase both produces superoxide anions. At complexes 3 and 4, the enzyme ubiquinol-cytochrome c reductase is the enzyme responsible for the production of superoxide anion 2.The majority of superoxide anions are produced by the mitochondrial respiratory chain; specifically Complex 1 and Complex 3 3, 4 .Complex 1 (NADH: ubiquinone oxidoreductase) releases superoxide anions into the mitochondrial matrix while Complex 3 (ubiquinol: cytochrome c oxidoreductase) releases superoxide anions into the intermembrane space of the mitochondria 5. The mitochondria can regulate levels of superoxide anion production with the help of antioxidant defenses, regulators and intracellular pH. However, an overproduction of superoxide anions by the respiratory chain can overwhelm the mitochondrial controls; which can lead to oxidative stress within the mitochondria.
Superoxide overproduction can be extremely harmful to the cells and evidence supports the concept that superoxide anions can lead to disease such as atherosclerosis. The production of superoxide anions can be kept at a steady state by regulators, antioxidant defenses, signal transduction, and intracellular pH. The two known regulators that can control mitochondrial superoxide are: thiol switching and uncoupling proteins. However, once superoxide anions and other reactive species are produced the two regulators cannot control the radicals.6
At lower levels of superoxide production, intra-mitochondrial antioxidant defenses can help control the amount of reactive species and also their location. . For example, superoxide dismutases controls the amount of superoxide is converted to hydrogen peroxide and the amount that is converted to hydroxyl anion.2 Some other antioxidant defenses include: glutathione peroxidase which eliminates mitochondrial H2O2, catalase, and membrane-linked succinate-dependent reductase which can detoxify several radicals.7 In addition to antioxidant defenses, the mitochondria use DNA-repairing enzymes to repair damages done by oxidative stress.2   
The cellular environment of the mitochondria can affect the production of superoxide anions. The concentrations of potassium and sodium that mitochondria is exposed to could affect the production of superoxide anions. While there has not been research on the effect of sodium on free radical formation in mitochondria; there is research data that supports that increased potassium concentration inhibits free radical formation in the cells. 
Dr. Richard McCabe and his colleagues performed a study to determine whether superoxide anion formation by vascular cells would be affected by changes to potassium concentrations. The researchers used two different methods in this study. The researchers had recently isolated white blood cells as well as cultured endothelial and macrophage cells that they used to assess the effects of potassium. The researchers assessed potassium effects on the reactive species in cultured cells. In addition, the researchers measured the rate of cytochrome c reduction in the cells with potassium present at different concentrations. Reducing the potassium resulted in an increase in the rate of cytochrome reduction but if the potassium was increased then the rate of cytochrome reduction was reduced. These results led to the conclusion that physiological increases in the concentration of potassium inhibit the rate of superoxide anion formation and reactive oxygen species formation in the cells. This study established that increases in potassium can inhibit the rate of free radical formation8. While studies have been conducted on the relationship between potassium and the activity of mitochondria superoxide anions, no studies have been done on sodium and how this ion effects superoxide production in mitochondria.
The sodium/potassium pump is the main way sodium is released from the cell. The sodium/potassium pump is an ATPase pump. The pump is made up of an alpha and beta subunit. Accompanying the phosphorylation of ADP, the ATPase binds the sodium molecules to these two subunits and the sodium molecules are then transported out of the cell while potassium molecules are pumped in. Once sodium is into the cell, mitochondria can utilize it and bring the sodium into its intermembrane space using mitochondrial sodium transport pathways. Mitochondrial sodium is lower than intracellular sodium but studies have shown that as intracellular sodium increases the mitochondrial sodium will as well.9    
	Mitochondria utilize the sodium/calcium exchange to bring intracellular sodium into the mitochondria. This pathway is sensitive to any changes in the concentration of intracellular sodium. This pathway is at half-maximal activity at 5-8mM sodium and large changes in the intracellular sodium can lead to substantial release of mitochondrial calcium. This is important because matrix calcium regulates mitochondrial energetics and cell death. Mitochondrial sodium is removed from the mitochondria via the sodium/hydrogen exchange pathway. The sodium that enters through the sodium/calcium exchange is then released out of the mitochondria, while a hydrogen molecule takes its place. This pathway is driven by the proton gradient inside the mitochondria.9
Previous research has shown that potassium enters the cell by passing through the sodium-potassium ATPase pump and that an increase of potassium inside the cell leads to a reduction in superoxide anion production8. We also know that sodium acts on the mitochondria via the sodium-calcium exchange. Based on past results, we theorize that a change in the sodium concentration in the mitochondrial environment will have a direct impact on superoxide production. We hypothesize that an increase in sodium concentration in the environment will result in an increase of superoxide anion production in mitochondria. We want to establish if there is a specific sodium concentration will lead to a significant increase in superoxide anions compared to the other sodium concentrations. To determine this, we isolate intact mitochondria from chicken livers at the centrifuge speed of 3000 rpm. Next an assay is performed using a 96 micro-well plate. Each well has a different sodium/potassium ratio and 20µL of mitochondria. The potassium is used to prevent changing the ionic strength of the medium as the concentration of sodium is increased. The plate is then read at 450 nm and 492 nm in a Chromate microplate reader to measure the amount of superoxide anions produced in each well.
Materials and Methods:
	Four stock solutions were made to use for all of the assays performed: 100 mL of 1 M Tris buffer at pH 7.44, 100 mL of 10 mM EGTA at a pH 8, 100 mL of 1 M MgCl2, and 100 ml of 10 mM CaCl2. Three buffers were made using these four stock solution. A 100mM Cherry buffer with a pH of 7.6 was used as a transport solution for when the livers were in route to the lab and during the isolation process. For the assay of the mitochondria, a 100mM Sodium buffer with a pH of 7.6 and a 100mM Cherry buffer with a pH of 7.6 were prepared. 200 mM potassium succinate solution was made to use during the assays. 
Isolation protocol: 
	Once all of the solutions were made, isolations were performed on the chicken livers to separate intact mitochondria from the rest of the cells. The chicken livers were provided from chickens on Dr. Farwell’s farm. The livers were transported into lab in the Cherry buffer transport solution. The liver was minced and homogenized to break up the tissue. We were unsure at what centrifuge speed would isolate intact mitochondria so we performed an isolation at several centrifuge speeds (Refer to Table 1 and Figure 1 below). The homogenized chicken liver was centrifuged at each speed for 10 minutes. The pellets were saved and washed with the Cherry buffer transport solution while the supernatant was discarded. The pellets were suspended in micro tubes with 10% DMSO and were frozen.
Intact mitochondria are necessary for the assay. Intact mitochondria have membranes that are undamaged and the transport channels into and out of the mitochondria are still present. The sodium/calcium exchange is still functioning in intact mitochondria which is not the case in damaged mitochondria. In damaged mitochondria, the membranes are broken and there is no regulation of sodium intake into the cell. An assay was performed on the mitochondria at different centrifuge speeds to measure the activity of the mitochondria when added to Nitro Blue Tetrazolium and ATP; as seen in Figure 1. The mitochondria isolated at centrifuge speeds 2000 rpm, 3000 rpm, and 6500 rpm were the most active and the mitochondria isolated at 3000 rpm had the most activity. This indicates that intact mitochondria are isolated at the centrifuge speed 3000 rpm. Another assay was performed on the mitochondria isolated at centrifuge speeds 2000 rpm, 3000 rpm, and 6500 rpm and the results were replicated (Refer to Figure 2).









Figure 1: Picture of activity of mitochondria isolated at centrifuge speeds mentioned in Table 1






	Each row of the micro well plate will have a desired sodium concentration and each row will increase in the concentration of sodium in the well. Potassium is added to each well to bring the total volume inside each micro well to 200 µl (Refer to Table 2). The purpose of the potassium in each well is to ensure that the ionic strength of the medium in each well does not vary among the micro wells. The purpose of the assay is to determine if changing the concentrations of sodium in the wells will affect the superoxide anion production in the mitochondria.
For each assay, 3 replicates were performed and 10 mL of Sodium buffer and 10 mL of Cherry buffer was used. To each buffer, approximately 20 mg of NBT, 2.8 mg of ATP and 500 µL of potassium succinate were added. In the micro-well plate, a different amount of sodium was added to each row and then potassium was added so that the total volume of each micro-well was 200 µL. This was replicated three times to see if results would be similar among the assays (Refer to Table 2). Once the sodium and potassium are added to the wells in the micro-plate, the micro-plate is incubated at 37oC for 30 minutes. During this time, the mitochondria isolated at 3000 rpm is removed from the freezer and thawed. After the 30 minutes, 20 µL of mitochondria are added to each well and then incubated at 37oC for 1 hour. After the 1 hour, the micro-well plate is then read in a Chromate microplate reader at 450 nm and 492 nm. If the mitochondria is clumped at the bottom of the well, add 10% DMSO to the well before reading the plate.


Table 2:  Amount of sodium and potassium added to each row in micro-well plate for all assays












The first assays and the replicates of those assays had very strange results. The replicates should not be as varied as they appear and the expected did not occur. We expected that as the amount of sodium increased in the wells that the activity and the production of superoxide anions in the mitochondria would increase as well. However, the data shows that activity and superoxide production would spike at different sodium concentrations among the replications. The data suggests that an error occurred sometime along the assay process. We determined that the Sodium and Cherry buffers contained a significantly larger amount of calcium than what would be found naturally in the cell. This is problematic because we are experimenting with sodium concentrations that are transported into the mitochondria via the sodium/calcium exchange. The large amount of calcium present in the buffers we were using for the assay would overwhelm the sodium/calcium exchange pathway; resulting in skewed data. (Refer to Figure 3, Table 3, and Graphs 1 and 2).



















Table 3: Preliminary Data from Mitochondria Assay
Mitochondria Assay Abs 450 nm						






























New Sodium and Cherry buffers were prepared with a calcium concentration that could be found in the intracellular environment of a healthy mitochondria. As a precaution, a separate assay was performed to ensure that the mitochondria was not a source of error in the preliminary assay. The assay contained 100 µl of sodium and 100 µl of potassium in each of the wells. The rows on the micro well plate had varying amounts of mitochondria and a total of 3 replicates were performed. The assay was performed to ensure that as the amount of mitochondria increased that the absorbance increased linearly. If you increase the number of mitochondria present in a well then there is more mitochondria present to produce more superoxide anions. In theory, the increase in the absorbance reading of the well should be linear to the amount of mitochondria. Our results from this assay shows a linear relationship between the amount of mitochondria and the production of superoxide anions. The standard deviations of the sodium concentrations at 450 nm ranges from 1-9%. The standard deviations of the sodium concentrations at 492 nm ranges from 1-6%. The standard deviation among the trials were less than 3 % except for the 20 µl of mitochondria trials. The trials at this mitochondrial amount had a higher standard deviation than the rest of the mitochondria amounts. This jump in standard deviation could be the result of a pipet error. Considering the errors that can occur when pipetting, these standard deviations can be considered acceptable variance. These results indicate that the mitochondria are not the cause of the skewed results from the preliminary assay (Refer to Tables 4 and 5and refer to Graphs 3 and 4).  
Table 4: Dose-response mitochondria assay at 450 nm

Linear Mitochondria Assay Abs 450 nm					










Graph 3: Comparison of assay and replicates of linear assay at 450 nm

Table 5: Dose-response mitochondria assay at 492 nm
Linear Mitochondria Assay Abs 492 nm					
























Using the new solutions with the appropriate calcium concentrations and the correct dilution of mitochondria to yield a linear assay, the final assay and replicates with the sodium concentration showed slight variation in the results (Refer to Tables 6 and 7 and Graphs 5 and 6). The standard deviations of the sodium concentrations at 450 nm ranges from 2-11%. The standard deviations of the sodium concentrations at 492 nm ranges from 2-8%. The purpose of the assays was to determine if an increase in sodium concentration in the environment surrounding the mitochondria would result in an increase in superoxide production. However, our results show slight discrepancies amongst the replicates. Considering a 3% error caused by pipetting techniques, this range of variance can be considered acceptable. In the assay, there was no sodium concentration that all 4 replicates increased or decreased in superoxide anions. These results suggest that sodium might not be an important factor in the production of superoxide anions as was originally hypothesized. 
Table 6: Results of mitochondria assay with varying sodium at 450 nm

Mitochondria Assay Abs 450 nm						
Sodium mM	Trial 1	Trial 2	Trial 3	Trial 4	Avg.	Std. Dev.	Std. Dev. %










Graph 5: Comparison of mitochondria assay and replicates with varying sodium at 450 nm

Table 7: Results of mitochondria assay with varying sodium at 492 nm

Mitochondria Assay Abs 492 nm						

















	The assays and the replicates from the preliminary experiment showed significant variation. The range of variance between trials for a sodium concentration was as high as 69%; which is unacceptable. From the results we received, we immediately recognized that a major error occurred somewhere in the protocol. We discovered the buffers had too much calcium which we hypothesized overwhelmed the sodium/calcium exchange in the mitochondria. New buffers with appropriate levels of calcium were made. In addition, a linear assay on the mitochondria solely was performed; to ensure that the mitochondria were not a source of error.
The assays and the replicates from the final experiment showed slight variance. The readings at 492 nm showed smaller variance than the readings at 450 nm and were a range of about 1-10%. Through practicing pipetting skills, I pipet at about a 3% error. Considering the error that could have occurred while pipetting into the wells, this range of variance can be considered acceptable. Other sources of errors could be the location in the tube the mitochondria was pipetted from. If the mitochondria settled to the bottom of the tube but 20 µl were pipetted from the top of the tube for one well and then 20 µl were pipetted from the bottom of the tube for one well, a large variation can occur between the two well readings. Another source of error could be the temperature the buffer solutions and mitochondria were at the time of pipetting. The micro pipettes draw in more cool liquid that the amount it is set for. At the beginning of the experiment, the first wells could have more of the buffers and mitochondria then we set the pipette at. The last wells pipetted probably has the accurate amount of buffers and mitochondria since as the experiment went on the buffers and mitochondria warmed.
There was no sodium concentration in which an assay and it replicates all increased in activity. The increases in activity and production of superoxide anions in the mitochondria appear to be independent of the changes in sodium concentration. The results from the preliminary vary significantly and were the result in an error in the protocol. The results from the final experiment does not support our hypothesis that an increase in sodium concentration will directly result in an increase in superoxide anion production. Our results suggest that the sodium concentration might not be important in the production of superoxide anions. There may not be a direct correlation between an increase in sodium concentrations and an increase in superoxide anion production. Sodium might be necessary in the environment for mitochondria to produce superoxide anions but the amount of sodium might not be a cause of the overproduction of superoxide anions. Another possibility is that sodium must be coupled with another ion in order to effect the production of superoxide anions in the mitochondria.
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